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In a sounding rocket experiment flown from Fort Churchill 
on September 4, 1963, a finite flux of cosmic ray nuclei with 
charges greater than that of helium was detected at energies 
below the experimental energy cutoff of balloon-borne experi- 
ments. The particles were examined by extending large sheets 
of nuclear emulsions from the sides of the rocket during its 
period outside the atmosphere. The flux of medium nuclei 
(6<Z<9; Z = nuclear charge) in the energy range from 30 to 
150 MeV/nucleon was measured as 0.67 +.13 particles/(s?sr sec), 
and the flux of (10 < Z < 19) nuclei in the energy range from 
40 to 190 MeV /nucleon was 0.31 +.09 particles/ (a? sr sec). A 
finite flux of light nuclei (3 < Z < 5) also was seen in the 
30 to 110 MeV /nucleon region. The abundances of medium and 
(10 < Z < 19) nuclei relative to helium nuclei in the same energy 
intervals were found to be signif icantly less than the relative 
abundances previously determined at high energies. However, within 
the statistical uncertainty, the relative differential flux values 
observed la the vicinity of the earth are consistent with the 
helium, medium, and ( 10 < Z < 19) nuclei having the same source 



spectrum at least above about 0.2 BeV/nucleon for a wide range 
of source spectral shapes and an interstellar path length of 
the order of those normally assumed (i.e. , 2.5 g/crf or slightly 
larger). Other possible interpretations also are considered. /) 



INTRODUCTION 


Over the last decade the study of cosmic radiation has progressed 

considerably and has reached the point where the fundamental properties 

are becoming reasonably well established. 1 - 3 The proton energy spectrum 

now is being measured from 0.01 BeV /nucleon to approximately 10^ BeV/ 

nucleon, and the composition of the cosmic radiation has been measured 

numerous times in the energy region above approximately 0.2 BeV/nucleon. 

In this region, the composition appears to be independent of energy, at 

6 

least up to about 10 BeV/nucleon, with the possible exception of a 
small relative increase of the light nuclei in the 0.2 to 0.5 BeV/nucleon 
interval. 4 -® In particular, the helium to medium nuclei and the helium 
to heavy nuclei ratios are known to be the same to within about a 15Z 
experimental uncertainty in the region from 0.3 to 7.5 BeV/nucleon. 

The data also have revealed that there is a strong modulation of the 
cosmic radiation which is fairly certainly associated with the solar 
cycle. In the measured energy interval, the variation of cosmic ray * 

intensity is greatest at the lowest energies. 9 
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In an effort to increase our general experimental knowledge of the 
cosmic radiation and at the same time obtain some new insight into some 
of these questions, an experiment was undertaken to examine the intensity 
of the heavier nuclei in the cosmic radiation in the region below about 
0.2 BeV/nucleon. The first question to be answered was whether or not 
there are any medium or heavy nuclei in this low-energy region. A 
cosmic ray source with a very high energy threshold for acceleration of 
the high charges could create a near absence of these particles, since 
only some particles which have been degraded in energy in their inter- 
stellar travels would be present. However, if particles are present, 
the measurement of their properties can provide some restraints on the 
combined questions of the interstellar travel of cosmic rays and the 
spectra at the origin. 

The local solar modulation has the same effect on all the particles 
of primary concern in this experiment— namely, He, C, N, 0, Ne, etc.— 
because these nuclei ail have the same charge to mass ratio and hence 
the same velocity for a given charge. 

To measure the intensity of low-energy heavy nuclei, nuclear 
emulsions, which are detectors particularly suited for this purpose, 
were exposed to the cosmic radiation above the earth's atmosphere on a 
sounding rocket at Fort Churchill, Canada. The use of a sounding rocket 
rather than a polar orbiting recoverable satellite has several advan- 
tages. First, several sounding rocket shots can be spaced at desired 
intervals, whereas— at least until now— it has not been possible to 
obtain a single emulsion exposure on a recoverable satellite under less 
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than about 2 g/cnP of material in a region of space where low-energy 
particles are not excluded by the earth's magnetic field. Also, 
satellite exposures are very expensive because of the cost of the 
necessary modifications to an existing system and the cost of testing 
to meet the rigid design specifications. The design of a satellite 
system is complicated by the requirement that the emulsions must be 
protected from high temperatures and still be exposed under very little 
matter. Further, the fact that the geomagnetic cutoffs are uncertain 
demands that a time resolution device be included in a satellite experi- 
ment to obtain absolute fluxes, since emulsions themselves integrate 
over time. Finally, the high Van Allen belt radiation background arising 
from the South Atlantic anomaly is an additional disadvantage associated 
with a satellite exposure. 

To overcome the principal difficulty associated with the sounding 
rocket exposure— >namely, having only a short exposure time available, a 
large area of eiiiulsion was extended from the side of the payload during 
the portion of the flight when the rocket was above the atmosphere. The 
rocket was fired from Fort Churchill, Canada, so that the particles of 
interest could reach the extended detector at full intensity without 
having been excluded by the earth's magnetic field. 


EXPERIMENTAL PROCEDURE 

The nuclear emulsion detectors used in this experiment were 600-micron 
thick Ilford G-5 emulsions which were assembled in eighteen packs con- 
sisting of eighteen emulsions, 6.5 cm by 9.9 cm, placed on top of each 
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other and covered with Mylar and black electrical tape to give a water- 
and light-tight package. Six of these packs were placed in each tray 
and held in place by means of a small metal lip. A photograph of the 
emulsion section of the payload is shown in Fig. 1. The trays in turn 
were kept inside of the payload until 61 seconds after launch of the 
sounding rocket, at which time extension of the trays was begun. Before 
reentry and 411 seconds after launch, the retraction of the trays was 
begun. Extension and retraction each took about 7 seconds. These 
events and Others are indicated in the time-altitude curve in Fig. 2. 

The rocket itself was an Aerobee 150, which had the capability of 
carrying the 171-pound payload of this experiment to an altitude of 151 
miles. In addition to the standard Aerobee nose cone, there were two 
extension sections; the one closest to the rocket was a recovery section, 
and the other was the section which housed the extension mechanisms for 
the emulsion trays described in the preceding paragraph. The water-tight 
housing for the emulsion in the retracted position extended up into the 
standard nose cone section. In addition, the nose cone itself contained 
a radar beacon, battery power for the extension and retraction motors, 
and a telemetry section. Magnetometer data for rocket aspect, data on the 
extension and retraction of the trays, and rocket parameters including 
acceleration and chamber pressure were telemetered. 

The rocket was launched successfully at 1311 U.T. on September 4, 
1963, and all parts of the payload functioned properly. It was a quiet 
day geophysically 10 and the Mt. Washington neutron monitor counting rate 
was 2318. 11 The nuclear emulsions were recovered, processed, and found 
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to be in generally good condition. A total emulsion surface area of 
821 cnP was available for analysis after elimination of the area held 
under the tray lips and the immediately adjacent area, where the clear 
solid angle would have been greatly reduced. 

A complete area scan was made under a microscope of the top 
emulsion of each of the packs, as well as a complete rescan to check 
scanning efficiency. In the original scans, all tracks which were dark 
and which either had delta rays or were wider than a track formed by a 
single line of grains were accepted, regardless of the angle the 
track made in the emulsion. These tracks were then analyzed by a 
scientist to separate the slow proton and helium tracks from the partiles 
with charges greater than 2. At this point, all tracks which were within 
20 degrees of the perpendicular to the emulsion were rejected. The 
method of charge and energy analysis is essentially the same as that 
used previously in other work and described in detail in a paper by 
Biswas, Fichtel, and Guss* 3 and, therefore, will not be repeated here. 
Only particles which ended in the emulsion were analyzed. When this work 
was completed, it was found that the sample of particles, although small, 
was sufficiently large to permit an actual flux determination rather than 
simply to set an upper limit. 

The calculation of the solid angle of collection involves a number 
of features which are Indicated in Fig. 3. First, there is the restric- 
tion on the angle with respect to the plane of the emulsion (called "dip 
angle”) mentioned above, corresponding to section A in the figure. 

Second, there is a very small solid angle, consisting of tracks of small 
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dips and azimuthal angles in the emulsion which are closest to the 
rocket axis, which is excluded because particles would have had to 
pass through the rocket to enter the emulsion within this solid angle. 
This solid angle segment varies with position on the surface of the 
emulsion, but a typical segment labeled "B" is shown in Fig. 3. The 
final and largest portion of the solid angle which was excluded or 
partially excluded is made up of those angles which are forbidden to 
f hp particles by a combination of their paths along the magnetic field 
and the earth's atmosphere. 

The method of calculating the angle of a particle with respect to 
the vertical for a given altitude above the earth after the particle 
has mirrored at a lower altitude has been discussed in an earlier paper 
by Biswas, Fichtel, and Suss. 13 Although the details are complicated 
and will not be repeated, the net effect is to increase the angle with 
respect to the vertical in which particles may arrive from 90 degrees 
to a larger angle which increases with altitude above the earth. There 
is only a very small solid angle in which particles pass through a sig- 
nificant amount of atmosphere, but not enough to effectively remove them 
from consideration. Further, the rocket was not quite vertical but had 
a small coning angle in addition to its spin about the principal axis; 
therefore, there was a small variation in the position of the set of 
angles in the emulsion which are at a given angle with respect to the 
vertical during the flight. This effect increases somewhat the solid 
angle in the emulsion in which primary tracks may appear but has 
essentially no effect on the total solid angle for collecting primary 
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particles. Some of the curves related to this problem are shown in 
Fig. 3 near the area marked "C" and are labeled , and C 3 . The 

explanation of these curves is given in the figure caption. No tracks 
should have been observed in the shaded area C of the solid angle 
diagram, and none were. 

The effective solid angle is then calculated from the equation 
= J*J (f*cos 0) sin 0 dQ dtp , 

where 0 is the angle with respect to the perpendicular to the emulsion 
and <p the azimuthal angle in the emulsion; f is a weighting factor which 
is 0 in the shaded areas of Fig. 3 where no tracks were accepted and 1 
in most of the rest of the area except around C, where it varied between 
0 and 1 with position, depending on the fraction of the extended time 
that the primary particles could reach these angles. The cos 0 factor 
occurs because the emulsion collecting area is a flat surface. Since 
the area marked "B" in Fig. 3 varies with position on the emulsion sur- 
face, varies with position, but only very slightly because of the 
small contribution of segment B. The collection time also varies slightly 
with position because of the small, but finite, time required to extend 
the tray. With all the above factors taken into consideration, the 
effective primary area— collection time— solid angle factor, called 
••A n T," was 60.7 n? sr sec. 

The major correction to the raw data is the one which accounts for 
the background tracks formed during ascent before the trays are extended 
and during descent after the trays are retracted. In a more recent 
version of this experiment flown in July 1964, this correction was elimi- 
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nated by including a sliding plate mechanism which permitted separa- 
tion of the tracks formed during the period that the emulsion trays 
were extended from those tracks made at other times* The results of 
this experiment will be reported later when the data reduction and 
analysis is complete* 

The background consisted of particles of relatively large ambient 
energies because they had to pass through several g/cn? of material 
before reaching the emulsion, the exact amount of material depending on 
the angle and the height of the rocket in the atmosphere- An estimate 
of this background correction therefore could be made from balloon 
flight data because the particles composing the background had initial 
energies which were sufficiently great to reach balloon altitudes. For 
this purpose, the flux and the energy spectrum of low-energy heavy 
nuclei were measured in the nuclear emulsion plates carried on a balloon 
flight made from Fort Churchill on July 15, 1963, when the cosmic ray 
flux level was known to be essentially the same as on September 4, 1963, 
because the neutron monitor counting rates for these days differed by only 
0.2%. The excellent correlation between low-energy cosmic ray intensi- 
ties and neutron monitor counting rates has been shown previously by 
McDonald and Webber. 13 In principle, the background correction could be 
very complex; in practice, a good approximation is obtained by simple 
summations because the degraded spectrum changes slowly in shape with 
increasing amounts of material present and, secondly, because the relative 
times of moving through variable amounts of residual atmosphere and 
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remaining under a constant amount of a few g/crf of material were about 
the same for the emulsions In the rocket and those on the balloon. 

One final correction which had to be made to the raw data was the 
increase in the number of collected particles by an amount which took 
into account the probability that the particles might interact before 
ending or, in the cases of some of the higher energy particles Included 
in the analysis, leave the stack if it entered the edge at an unfavorable 
angle. The upper limit to the energy was kept small in order to keep 
this correction small. 


RESULTS AMD DISCUSSION 

After completion of the analysis outlined in the previous section, 
the results shown in Table I were obtained. The first point to be made 
is obvious: namely, that these fluxes are quite clearly significantly 

different from zero. Hence, a finite flux of cosmic ray medium nuclei 
in an energy range as low as 30 to 70 KeV /nucleon has been observed in 
the vicinity of the earth. Further, there is a finite flux of heavy 
nuclei with energies at least as low as 110 HeV/nucleon. 

In the rest of the paper, the heavy nuclei will be divided into two 
groups*»nuclei with nuclear charges from 10 to 19, hereafter called 
(10 < Z < 19) nuclei, and very heavy nuclei (Z j 20) —because it is 
advantageous to keep the variation in energy loss within a charge group 
to within tolerable limits and because there were Very few nuclei with 
charges of 20 or more. Comments on light nuclei (3 < Z 5) will be 
confined to the last paragraph of this section, since they are a separate 
subject. 
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The next subject of interest is the comparison of the differential 
energy spectra obtained in this experiment with the differential spectra 


at higher energies and with the spectrum of helium nuclei. In this 
cottar ison, it is i^ortant to reaenber that the cosmic ray differential 
energy spectrum varies with the period in the solar cycle. Figure 4 
shows the differential energy spectrum for helium for various periods 
in the solar cycle. 1 The existing data indicate that the medium and 
heavy nuclei have energy spectra similar to that of the helium nuclei, 
only reduced in intensity. 1 The medium nuclei group, for exasple , is 
0.063 times the helium particle intensity; and the charge group from 
Z * 10 to 19 is 0.021 times the helium particle intensity. The possi- 
bility of small differences of the order of 15% or less in the region 
from about 200 to 400 MeV/micleon cannot be excluded; above 1.5 BeV /nucleon, 
they probably are correct to within 10X. 

At the time of the firing of the sounding rocket from which the 
data under discussion were obtained, the cosmic ray flux had passed 
through the minimum value of the cycle a few years earlier and was 
slowly increasing. The curve in Fig. 5 shows the approximate shape of 
the helium particle differential spectrum at the time of the rocket shot. 

It has been shown 1 that the particle spectrum is a smoothly varying 
function of energy and that for this period in the solar cycle a 1% 
variation in the Deep River neutron monitor rate, which gives an esti- 
mate of the higher energy particle intensity, corresponds to about a 10% 
variation in the helium particle differential flux at 200 MeV/nucleon. 
Therefore, for purposes of correlating the measurements made here, an 
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uncertainty of less than that will be introduced by comparing the 
results obtained here with helium spectra obtained when the neutron 
monitor was within 1% of the reading at the time the rocket was in 
the air. The authors know of four helium spectra in the energy region 
from about 80 to 600 MeV/nucleon that were obtained during the summer 
of 1963 which satisfy this condition. 1 4-17 An average of these spectra, 
which are in close agreement, was used as the basis for the curve in 
Fig. 5. 

In addition. Fan et al 18 and Ludwig and McDonald 19 have obtained 
a helium energy spectrum in the 30 to 80 MeV/nucleon region on Explorer 
XVIII during the period January through March 1964, when the neutron 
monitor rate was typically from 1 to 2% higher than the rate at the time 
of the measurement of this experiment. To compensate for a systematic 
change in intensity in this region, the curve in Fig. 5 was extended 
below 80 MeV/nucleon by a smooth connection to data above 80 MeV/nucleon, 
by keeping the shape of the 30 to 80 MeV/nucleon data but reducing the 
intensity appropriately. This procedure could, at most, introduce a 
noticeable error only in the lowest medium nuclei energy interval. 

Since no comparable data were available for the heavier particles 
at the time of writing of this paper, the helium particle curve was 
multiplied by the ratios mentioned above to obtain the best possible 
approximation of the curves for the heavier particles at higher energies. 

The results displayed in Figs. 6 and 7 indicate that the low-energy 
spectrum of the medium nuclei observed in the vicinity of the earth falls 
below that of the helium nuclei multiplied by 0.063. Similarly, the 
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(10 < Z < 19) nuclei curve falls below the corresponding one for helium 
nuclei Multiplied by 0.021. Hence, the abundance of hellos nuclei 
relative to these higher charge groups apparently increases in the lew- 
energy region until it is well above the fairly constant value which it 
has from shout 400 MeV /nucleon to very high energies. 

The spectra which are observed at the earth represent the source 
spectra after they have passed through interstellar nutter and have been 
nodulated within the solar system. Whereas the solar system modulation 
affects only the intensity of the increment of flux In a given energy 
interval, interstellar space contains enough material along the path 
of the particle to change appreciably the particle energy as well as the 
intensity. In the latter case, it normally is assumed that the intensity 
is changed significantly only by fragmentation in interactions and not 
by the (explicated time-dependent magnetic effects which cause the inten- 
sity variation in the solar system. Therefore, the differential energy 
flux at the source for the ± type of particle j g (i) is related to the 
differential energy flux observed in the vicinity of the earth but outside 
the region where the earth's magnetic field excludes, or partially excludes, 
particles j Q (i) by the relation 

Jo (l) l=E o “ V 1 ^) £“ |i£j h(v o ,R) f(i,v,p) , (1) 

where AE q and AE g represent the small energy increments containing the 
set of particles at the observation point and the source respectively, 
i is the type of particle, h the solar modulation function, f the 
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interstellar intensity variation factor, v the particle velocity, R the 
rigidity (momentum/unit charge) , and p the amount of interstellar matter 
traversed between the source and the earth. 


The expression f(i,v,p) is well known and is given in detail in a 
paper by Hayakawa. 30 However, the parameters to be substituted into 
the equations are not known exactly. The parameters include the mean 
free paths of the different elements in space, the probability of one 
type of particle emerging from an interaction caused by another particle 
and the amount of material traversed. Table II gives the values of the 
parameters used in the calculation and the references from which the 
parameters were obtained. 21 " 3 4 When more than one reference is given, 
the parameter listed in the Table is a weighted average. In Table II, 
p gives the average number of secondaries of type "j" formed in an 
interaction of a particle of type "i" in an interaction with a hydrogen 
nucleus. X^ is the absorption mean free path, which is given by the 


equat ion 


X',- 


_1_ (1 - P. .) , 

Xi 


( 2 ) 


where X^ is the interaction mean free path. 

The above parameters are known to vary with energy; however, their 
exact dependence is not well known. Above approximately 100 MeV/nucleon 
they are thought to be nearly constant and not to vary appreciably until 
the energy/nucleon is below about 30 or 60 MeV. 23 ^ 35 To reach the 
earth at the observed energies after passing through several g/cn? of 
interstellar hydrogen, the particles under consideration must spend 
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either all cr almost all of their live in interstellar space at energies 
above 100 Me¥ /nucleon. Therefore, it seems reasonable to use the para- 
meters obtained at higher energies is view of the above considerations 
and the lack of sufficient information to calculate more exact values. 
Including the generally accepted partially tested hypothesis that the 
energy per nucleon does not vary significantly in an interaction leads, 
then, to the conclusion that f is nut a function of velocity in the 
region of interest if p is not a function of energy. 

The true modulation function h(v ,R} is not known. Many models have 
been presented, and each, seems to have some advantages and some weak- 
nesses. 38 For the purposes of the present discussion, it is sufficient 
to note that, since all the proposed modulation mechanisms involve only 
magnetic or electric fields and the amount of material traversed within 
the solar system is negligible, particles with the same charge to mass 
ratio and hence the same rigidity for a given velocity will be depressed 
by the sane amount for a given velocity. 

The remaining term on the right side of Eq. (1), which multiplies 
j s (i*E)» is (AB s (i J/AE^. This term arises from the change in the 

width of the energy interval in which particles are contained as they 
lose energy. Since the rate of energy loss per nucleon varies with the 
nuclear species, this term will affect the different nucleon groups in 
different ways, further, because of the different rates of energy loss 
for a given E c , K s (i) will be different for different nuclear species; 
and hence (i) can var y for a fixed 1^ even if j £ (i,E) is 

the save for all nuclear groups. 
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Consider now the ratio of the differential flux values of two 


different nuclear types with the same charge to mass ratio. From 
Eq. (1) , this ratio is 

Jg = E 0 ^ i,E ^ 1«E (i) CAE s (i)/AE Q ] f(i,v,p) 

J 0 <k.*>jE.E 0 j s (k,E) [AE s (k)/iE 0 ] f(k,v,p) 

If p, the fragmentation parameters, and the mean free paths are inde- 
pendent of velocity, f(i,v,p) /f(fc,v,p) becomes a constant independent 
of velocity. Hence, 

"1 

- [ae 8 CD/ae o ] [- K(pjl>k) j (4) 

J S (k - E >] E „E (k) [«.<»/«.] 

8 . [k * E(V)] 

AE ( i) /AE » 1 (5) 

s o v -* c 

and, for reasonable spectra, 

«^j s < i » E )] E « sEs ( i)jj ^^^^s^ k » E ^]E=E g (^| > 

The implications of the experimental results now will be examined 
by comparing the data with the predictions based on several suggested 
source spectra and interstellar mean free paths. If it is assumed first 
that Eq. (4) is valid, the expected ratio for j Q (i,E)Jg m g and j Q (k,E)J^^ 


> ( 6 ) 

v -» c (Const.), for a 
fixed E 


j 0 (l,E)J 

J c (k ’ E) ] 


Notice also that 
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can be calculated for different values of p and the experimental knowledge 
of the limiting value for the ratio at high energies, where Eqs. (5) and 
(6) apply. 

The most commonly assumed source spectrum is a power law in the 
total energy with an exponent of 2.5 as given by 

*<i.W) - K^D/to*-* , (7) 

where W„ is the total energy/nucleon. In Figs. 8 and 9 the observed 
ratios of the differential medium nuclei and the (10 < Z < 19) nuclei to 
the differential helium nuclei spectral points obtained in the manner 
described earlier are plotted and compared with the ratio expected on 
the basis of the observed high-energy ratio and an assumed spectral shape 
of the form of Eq. (7). The best recent value for the estimate of the 
amount of interstellar matter traversed~at least for high-energy particles 
is 2.5 g/cnP , which is based on a calculation by Badhwar et al 23 and 
Badhwar and Daniel 35 with heavy emphasis on the high-energy (> 1.5 BeV/ 
nucleon) composition data of O'Dell et al. 87 The expected ratio has 
been calculated for both 2.5 and 5.0 g/cn? of interstellar hydrogen. 

Notice that this ratio is relatively insensitive to a change of a factor 
of 2 in interstellar matter in this range of values. Notice also that 
the agreement between the experimental points and the curves for these 
assumed conditions is satisfactory. 

As a second example, a source spectrum of the form of Eq. (7) above 
300 MeV/nucleon and of the form of Eq. (8) below 300 MeV/nucleon is 
chosen: 

j 2 (i) = K s ,(i)/(E s )®*67 (8) 
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The expected ratios for this source spectrum, the observed high- 
energy ratios, and 2.5 and 5.0 g/crtP of interstellar matter also have 
been calculated and are shown in Figs. 8 and 9. Here again there is 
a relatively small difference in the curves for 2.5 and 5.0 g/'cnP , and 
there is satisfactory agreement with the experimental data. Smooth 
changes in the source spectrum in general have little effect on the 
resultant ratios unless the variations are very large, that is, 
appreciably greater than those selected here. 

Hence, the following conclusion can be drawn: The experimentally 

observed helium to medium and helium to ( 10 < Z < 19) nuclei ratios are 
consistent with the assumption that the source spectra are the same and 
that the particles have passed through the same amount of material, which 
is in the range of 2.5 to 5 g/cn?. This conclusion is relatively 
independent of the exact shape of the source spectrum. On the other 
hand, differences in the source spectra between helium and medium nuclei 
would appear relatively quickly in the form of a disagreement between the 
calculated and observed helium to medium nuclei ratio as a function of 
energy. 

The results obtained here, then, suggest there is good reason to 
think that above about 0.2 BeV /nucleon the source spectra of all com- 
ponents are at least similar. Information below this energy is not 
forthcoming from this approach because nuclei of the higher charges being 
considered must have at least this energy initially to reach the earth. 

Next, assume that the particles have gone through different amounts 
of interstellar material depending on their energy. Dahanayake et al„ 28 
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for example , suggest that the lower energy particles, below about 
400 MeV /nucleon , have passed through wore material than the high-energy 
ones, which are assumed to go through 2.5 g/o? on the basis of the work 
mentioned earlier. In this case, f(i,v,p)/f( j,v,p) of Eq. (3) is not 
a constant independent of energy, however, if the high-energy ratio of 
the observed fluxes is known and if the parameters of Table II are used, 
the additional expected suppression resulting from low-energy particles 
going through more material than high-energy ones can be calculated. The 
results obtained , assuming that all particles have a source spectrum of 
the type given by Eq. (7) and that the particles below 400 MeV /nucleon 
have passed through 6 g/cn? (as suggested by Dahanayake et alf 8 } while 
the high-energy ones (kinetic energy >1.5 BeV / nucleon) have passed 
through 2.5 g/crf , are also shown in Figs. 8 and 9. Here the agreement 
is poorer; further, these assumptions lead to a ratio in the 300 to 
400 MeV /nucleon region which is appreciably more than one standard 
deviation below several measurements of the medium to heavy nuclei ratio 
in that region. In addition, Hildebrand and Silberberg^ 9 and Webber 30 
now have shown that the existing experimental data on the He,/He 4 ratio 
probably can be reconciled with a mean free path in the low-energy region 
which is the same or only slightly larger than 2.5 g/o?, by taking into 
account the properties of secondaries from interactions and the effects of 
the solar modulation mechanism on particles with different charge to mass 
ratios. 

Light nuclei also were observed in the low-energy region from 30 to 
110 MeV/nucleon, but no quantitative value for the differential flux will 
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be quoted because a high scanning detection efficiency was not achieved 
for these particles. Since these light nuclei generally are assumed to 
arise from heavier nuclei, the type of theoretical analysis outlined 
above does not apply. There is, however, the alternate problem of 
interest: namely that, if the modulation effect is rigidity dependent, 

light nuclei might be expected to have slightly different energy spectra 
from the medium or heavy nuclei. If the rigidity dependence of the 
modulation can be determined by other means, the relative abundance of 
light and medium nuclei provide an independent estimate of the amount of 
interstellar matter traversed fcy the cosmic radiation at these low 
energies. The analysis was not pressed beyond the determination of the 
existence of a light nuclei flux because there was not an adequate 
number of particles to determine the light to medium ratio with suffi- 
cient accuracy to see a deviation from the high-energy ratio; and the 
additional work involved is tremendous. With an improved technique and 
a higher flux rate, we hope to be able to measure the relative abundance 
of light nuclei in the 1964 flight to be reported later. 


CONCLUSIONS 

The answer to the basic question of whether or not there are low- 
energy heavy nuclei below the energy cutoff set by material above detectors 
flown on balloons has been seen to be "Yes." There definitely is a finite 
flux of medium nuclei in an energy range as low as 30 to 70 MeV/nucleon 
and (10 < Z < 19) nuclei with energies at least as low as 110 MeV/nucleon. 
The abundances of medium and (10 < Z < 19) nuclei relative to helium 
nuclei in the energy regions from 30 to 150 and 30 to 190 MeV/nucleon, 
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respectively, are less than the relative abundances at higher energies. 
This difference can be explained quantitatively by the higher rate of 
energy loss of the particles of higher charge in the interstellar mat ter - 
It also was shown that within the statistical uncertainty the resulting 
differential flux measurements are consistent with the helium, medium, 
and (10 < Z < 19} nuclei having the same source spectrum at least above 
about 0.2 BeV /nucleon for a wide range of source spectral shapes, 
including ones normally assumed. For a mean free path independent of 
energy this result also is fairly insensitive to the values of cross 
sections and fragmentation parameters assumed, principally because rela- 
tive values of ratios are being considered. The conclusion is inde- 
pendent of the solar modulation mechanism because, since all particles 
considered have the s ame charge to mass ratio, their relative abundances 
at a given velocity will be unaffected by the local solar modulation. 

No information can be obtained about the source spectrum below about 
0.2 BeV /nucleon because the particles of high charge must have approxi- 
mately this energy to reach the earth after passing through interstellar 
matter. 

It has been established that there is a finite flux and that the 
differential flux is consistent with similar source spectra for helium, 
medium, and heavier nuclei and an interstellar path in hydrogen of 
2.5 g/cs? within the relatively large uncertainties of these initial 
measurements. It now seems worthwhile to measure these spectra again to 
look for a possible variation with the period in the solar cycle and to 
examine the matters discussed in this paper in greater detail. This 
problem is being pursued. 


21 



Table I. Differential fluxes for medium nuclei and (10 < Z < 19) 

nuclei on Sep :- , 4, 1964. 


Kinetic energy 6 < Z < 9 10<Z<19 

(MeV /nucleon) [p/(n?sr sec HeV/nucleon)] [p/(n?sr sec HeV /nucleon)] 


50 

0.0040 + 0.0015 

- 

55 

- 

0.0005 + 0.0006 

90 

0.0055 + 0.0018 

0.0005 + 0.0006 

130 

0.0072 + 0.0024 

0.0040 + 0.0015 


170 


Not measured 


0.0028 + 0.0014 


Table II . Parameters used fpr extrapolation through interstellar matter 


Reference References 


X « 

O' 

14.6 g/cnf 

20 

P = 0.07 +0.07 

QtOt — 

21-24 

X » 
M 

6.0 g/cnf 

20 

P = 1.3 +0.5 

(L+M+H)<* 

21-24 

tf 

X 

4.0 g/cnf 

20 

P =0.14 +0.04 
MM - 

21-24 




P itw = 0.21 +0.10 
HM 

21-24 


P„„ - 0.40 +0.15 

nil 
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Figures 




Fi^2. 


mi 3 . 


Photograph of the rocket payload section with the emulsions 
removed and the emulsion trays extended. Six emulsion packs 
were placed in each of three symmetrically positioned trays. 
The angle of the trays with respect to the rocket axis was 
17.5 degrees. 

Rocket time-altitude trajectory, showing the sequence of 
events: (1) rocket burnout (2) emulsion tray extension 

(3) emulsion tray retraction (4) payload separation 
(5) parachute deployment and SARAH beacon activation. 

Distribution of ending Z > 6 nuclei ( indicated by black 
circles) in the solid angle of collection. The "dip 
angle"- is the angle with respect to the plane of the 
emulsion; the "azimuthal angle" is that with respect 
to the perpendicular to one of the edges of the emulsion 
measured in the emulsion plane. The shaded area "A" was 
excluded from analysis because tracks in this segment had 
a dip too great to be analyzed. The shaded area "B" was 
excluded from analysis because particles at these angles 
had passed through the rocket material before entering 
the emulsion; this area varied with position in the 
emulsion and a typical segment is shown. The curves Cj , 

Cg ,and C 3 are the curves for particles with space angles 



Figures (continued) 


Fj g< 3. greater than 90° , 70° , and 60° with respect to the magnetic 

(cont'd) 

line of force. These curves varied somewhat as the coning 
angle of the rocket varied, and the ones shown are typical. 
The shaded area "C" is forbidden to the low-energy heavy 
nuclei under consideration because they would be stopped by 
ionization energy loss in the atmosphere between the rocket 
and their mirror point. 

F ie . 4 . Differential energy spectrum for helium nuclei at various 

times during the solar cycle. These curves were calculated 
from data published by Webber (see Ref. 1). 

Fig. 5 . Helium nuclei differential energy spectrum obtained as 

explained in the text. The low-energy points, from which 
the low-energy portion of the curve was deduced, are those 
of Fan et al. (Ref. lfe) and Ludwig and McDonald (Ref. 19). 

Fig. 6. Differential energy spectrum for medium nuclei. The curve 
is that for helium nuclei (Fig. 5) multiplied by 0.063. 

F i.g . 7 . Differential energy spectrum for (10 <7. < 19) nuclei. The 

curve is that for helium nuclei (Fig. 5) multiplied by 0.021. 
For the two lowest energy points, only the upper limit 
corresponding to one standard deviation is shown. 
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Fi jLv.S, 


FJ&. 9. 


Ratio of the differential flux of medium nuclei to helium 
nuclei expected after passage of the particles through 
various amounts of interstellar gas. Curve A: 0 g/cn? 

for all spectral shapes; curve g and curve B g : 2.5 

g/cn? and 5.0 g/cn?, respectively, assuming the source 
spectrum of Eq. (7); curve g and curve C B : 2.5 g/cn ? 
and 5.0 g/cn?, respectively, assuming the source spectrum 
of Eq. (7) for particles with kinetic energy greater than 
300 MeV /nucleon and the source spectrum of Eq. (6) for 
particles with kinetic energy less than 300 MeV 'nucleon; 
curve D: passage through 2.5 g/cn? for relativistic 

particles, 6 g/cn? for particles with kinetic energy less 
than 400 MeV /nucleon, assuming the source spectrum of 
Eq. (7). 

Ratio of the differential flux of ( 10 < Z < 19) nuclei to 
helium nuclei expected after passage of the particles 
through various amounts of interstellar gas. Curve A: 

0 g/cn? for all spectral shapes; curve Ik, g and curve B g : 

2.5 g/cn? and 5.0 g/ca?, respectively, assuming the source 
spectrum of Eq. (7); curve and curve C B : 2.5 g/cn?, 

» and 5.0 g/cn?, respectively, assuming the source spectrum of 
Eq. (7) for particles with kinetic energy greater than 



FIGURES (continued) 

Fig. 9. 300 MeV/nucleon and the source spectrum of Eq. (8) for 

( cont ' d) 

particles with kinetic energy less than 300 MeV/nucleon; 
curve D: passage through 2.5 g/cnP for relativistic 

particles, 6 g/cn? for particles with kinetic energy less 
than 400 MeV/nucleon, assuming the source spectrum of 
Eq. (7). 
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